Abstract The six biosurfactant-producing strains, isolated from oilfield wastewater in Daqing oilfield, were screened. The production of biosurfactant was verified by measuring the diameter of the oil spreading, measuring the surface tension value and emulsifying capacity against xylene, n-pentane, kerosene and crude oil. The experimental result showed three strains (S2, S3, S6) had the better surface activity. Among the three strains, the best results were achieved when using S2 strain. The diameter of the oil spreading of the biosurfactant produced by S2 strain was 14 cm, its critical micelle concentration (CMC) was 21.8 mg/l and the interfacial tension between crude oil and biosurfactant solution produced by S2 strain reduced to 25.7 mN/m. The biosurfactant produced by S2 strain was capable of forming stable emulsions with various hydrocarbons, such as xylene, n-pentane, kerosene and crude oil. After S2 strain treatment, the reduction rate of oil viscosity was 51 % and oil freezing point reduced by 4°C.
Introduction
The chemical synthesized surfactants have a wide range of applications in industries [1, 2] . However, the chemical synthesized surfactants are expensive and they causing environmental pollution. Biosurfactants are natural products produced by microorganisms. The biosurfactants have unique properties that chemical synthesized surfactants do not have, such as high surface activity, environmental friendliness, biodegradable and good anti-microbial activity at extreme temperatures, pH and salinity [3] [4] [5] . These advantages allow biosurfactants to be a substitute for chemical synthesized surfactants.
The potential development of a large number of biosurfactant-producing strains has been not found. The research on the breeding of high-yielding biosurfactantproducing strains has important significance. The most effective biosurfactant can reduce the surface tension of water from 72 mN/m to values in the range of 25-30 mN/m [6] . Therefore, the screening and evaluation of efficient biosurfactant-producing strains have wide biological and economic significance.
There are many areas of application where biosurfactants can be used, such as in industries and environmental restoration [7, 8] . Biosurfactants have uses in the petroleum industry, such as enhanced oil recovery and transportation of crude oil. Microbial enhanced oil recovery (MEOR) is estimated that this will be one of the most efficient methods in enhancing oil recovery in the future [9] . Biosurfactants can be produced from inexpensive and renewable resources [10, 11] . As the metabolites produced by microorganisms, biosurfactants have the ability to emulsify crude oil and to decrease the viscosity of crude oil that is one of the mechanisms for MEOR [12] .
In this work, a new efficient biosurfactant-producing strain was screened. The preliminary properties of the biosurfactant including critical micelle concentration (CMC), oil spreading activity and emulsification ability were studied. The biosurfactants had the ability to reduce interfacial tensions between crude oil and biosurfactant solutions, to emulsify crude oil and to reduce the crude oil viscosity and freezing piont. These were the mechanisms for MEOR.
Materials and Methods

Microorganisms
The six biosurfactant-producing strains were isolated from oilfield wastewater in Daqing oil field. The six biosurfactant-producing strains were named as S1, S2, S3, S4, S5 and S6. The microorganisms were maintained at 4°C on peptone agar slants and subcultured every month.
The Screening of Biosurfactant-Producing Strains
The nutrient medium was prepared with the following composition (g/l): (NH 4 ) 2 SO 4 After two or three times plate streak, the pure strains could be separated and purified. All the medium was sterilized by autoclaving for 20 min at 121°C.
Measurement of Oil Spreading Activity
Water (40 ml) was added into the culture dish of diameter (15 cm). Then it was dropped 2-3 drops liquid paraffin. After the stable oil film was formed, 2-3 drops zymotic fluid was added into the center of film center. Then the diameter of the oil spreading was measured.
Cellular Concentration
The growth of bacteria was monitored by measuring the optical density of the culture sample at 600 nm at different time. The optical density of the culture sample at 600 nm was measured by using a spectrophotometer of UV light visible (Genesys series 20). The concentration of biosurfactant (g/l) was measured using a calibration curve of biomass against optical density [13] .
Measurement of Surface Tension, Interfacial Tension and CMC
The culture samples were centrifuged at 10,000 rpm for 15 min to remove the bacteria cells. The effectiveness of the biosurfactant produced by six strains was determined by measuring the surface and interfacial tension of the samples at 25°C, according to the Du Noüy Ring method [14] . The interfacial tension between crude oil and the cell-free cultures was determined by using a tensiometer (JK99B, Powereach, China) at reservoir temperature (45°C). The CMC value was measured when the surface tension of the increasing biosurfactant concentrations first became minimum. The different concentration of biosurfactant was obtained by dissolving the isolated biosurfactant in distilled water. The CMC value was measured as mass per unit volume of biosurfactant (g/l).
Measurement of Emulsification Capacity
The emulsification capacity of biosurfactant was determined with the measurement of emulsification index (E 24 ) [10] . Emulsifying activity was measured by adding 4 ml cell-free culture after 72 h fermentation into 6 ml hydrophobic compound (xylene, n-pentane, kerosene and crude oil) in a 10 ml screw-capped glass tube and shaken with a vortex for 2 min. After 24 h standing, the height of emulsion layer was measured and E 24 was calculated.
where H a is the height of the emulsion layer; H b is the total height of the mixture.
Extraction of Biosurfactant
The culture samples were centrifuged at 10,000 rpm for 15 min to remove the bacteria cells. The supernatant was added 6 M HCl to reach pH 2.0. Surfactin precipitation was formed by settling overnight at 4°C. The precipitate was collected by centrifugation at 10,000 rpm for 15 min at 45°C to obtain the crude surfactin. The crude surfactin was dissolved in deionized water (pH 8.0) to a finally pH 7 and extracted by a solvent having a 65:15 (v/v) chloroformto-ethanol ratio at room temperature [9] . The organic phase was transferred to a round-bottom flask connected to a rotary evaporator to remove the solvent, yielding pure biosurfactant product.
Viscosity and Freezing Point of Crude Oil
Biosurfactant (50 ml) with crude oil (50 ml) in the conical flask was operated at the following parameters temperature 45°C. After 7 days, crude oil was dehydrated. Then the viscosity of crude oil was measured by a Rotating Viscometer (NDS-8S, China) that was set at 50°C and 12 s -1 shear rate. Crude oil dehydration after microbial treatment was used to measure freezing point by kryoscope.
Results and Discussion
Isolation of Biosurfactant-Producing Bacteria
The six biosurfactant-producing strains were obtained from oilfield wastewater. They were named S1, S2, S3, S4, S5 and S6. However, only three strains (S2, S3, S6) had the better surface activity after 7 days cultivation. The three isolates were selected for further study. The three isolated strains were selected based on morphological characteristics [15] . The diameter of the oil spreading, the characteristics and the interfacial tensions between crude oil and biosurfactant solutions of the six biosurfactant-producing strains were shown in Table 1 . The best result was S2 strain, whose the diameter of the oil spreading was 14 cm and interfacial tension between crude oil and biosurfactant solutions of S2 strain reduced to 25.7 ± 0.1 mN/m (Table 1) . Besides, S3 and S6 strain also had good result that the diameter of the oil spreading was 8.5 cm and 7.6 cm, respectively. The interfacial tension between crude oil and biosurfactant solutions of S3 and S6 strain reduced to 26.2 ± 0.2 and 28.7 ± 0.0 mN/m, respectively. The picture of the best biosurfactant-producing (S2 strain) under the scanning electron microscope was shown in Fig. 1 . The size and shape of the bacteria under the scanning electron microscope was the same (Fig. 1) . After purification, there was no other bacteria in the medium. The S2 strain was the pure bacteria.
Emulsification Activity of the S2, S3, S6 Strains (E 24 )
The capability to stabilize an emulsion is an indication that the microorganism is producing biosurfactant [16] . Besides surface activity, good emulsification activity is also critical for biosurfactants application [1] . The emulsification indexes of S2, S3 and S6 strains formed between several typical hydrocarbons and cell-free supernatant of S2, S3 and S6 strains after 60 h cultivation at 37°C were shown in Fig. 2 . The S2 biosurfactant had the highest emulsification activity (E 24 , 83.0 %) on crude oil for the four kinds of hydrocarbons (Fig. 2) . The second high emulsification activity is on kerosene, the third high emulsification activity is on xylene and the lowest emulsification activity (E 24 , 53.0 %) is on n-pentane (S6 strain). The biosurfactant produced by the S2 strain was more stable than the biosurfactant produced by the strain S3 and S6. The results indicated that the hydrocarbons, such as xylene, n-pentane, kerosene and crude oil, were all emulsified completely by the isolated biosurfactant produced by the S2, S3 and S6 strains. This implied that the biosurfactant produced by the S2, S3 and S6 strains could emulsify not only aromatic compounds but also short-chain and long-chain hydrocarbons.
Cellular Concentration and Surface Tension
The growth and surface tension reduction of culture medium of the better three biosurfactant-producing strains were shown in Fig. 3 . The exponential growth of the S2 strain was observed at about 24 h and the maximum biosurfactant production (1.72 g/l) occurred at 60 h (Fig. 3a) . The surface tension of the cell free broth reached lowest value (25.7 mN/m). The exponential growth of the strain S3 was observed at about 24 h and after 60 h cultivation; the maximum biosurfactant production (1.63 g/l) was reached (Fig. 3b) . The surface tension of the cell free broth reached lowest value (26.2 mN/m). The exponential growth of the S6 strain was observed at about 24 h and after 72 h cultivation; the maximum biosurfactant production (1.45 g/l) was reached (Fig. 3c) . The surface tension of the cell free broth reached lowest value (28.7 mN/m). Biosurfactant production commenced at about 24 h, during the exponential phase, indicating its accumulation as primary metabolite during growth phase. Therefore, it concluded that the biosurfactants produced by S2, S3 and S6 strains were their primary metabolite, due to the production of growth-associated biosurfactant.
CMC Value
The CMC is an important parameter, which indicates the minimum concentration required for a biosurfactant solution to have a lower maximum surface tension. It can also define the solubility of a surfactant in the aqueous phase [13] . Indeed, even in the presence of a small concentration of biosurfactants, a CMC can be achieved, from which any variation in the surface tension can be observed [17] . The CMC of the biosurfactant produced by S2, S3 and S6 strains were shown in Fig. 4 . The surface tension of biosurfactant decreased as its concentration increased until the CMC of the biosurfactant produced by S2, S3 and S6 strain was about 21.8, 36.8 and 33.2 mg/l, respectively (Fig. 4) . The surface tension of the aqueous solution reduces to 34.2, 29.8, 30.1 mN/m. Compared with sodium dodecyl sulfate (SDS) which has a CMC value of 2,100 mg/l [18] , the CMC of the biosurfactants produced by S2, S3 and S6 strains were much lower than sodium dodecyl sulfate. This is the powerful evidence to prove that the found material contains a new biosurfactant. Because until now no information have been reported that biosurfactants have similar surface tension value as biosurfactant produced by S2 strain. The organic solvent and biosurfactant was produced during the metabolism, then crude oil was diluted by the organic solvent and crude oil was emulsified. So S2 strain had a definite effect on viscosity and freezing point of crude oil. The change of viscosity and freezing point was shown in Table 2 . The reduction rate of oil viscosity was 51 % and the oil freezing point reduced by 4°C (Table 2) .
Conclusion
In this work, the six biosurfactant-producing strains were isolated from oilfield wastewater in Daqing oilfield. They were named S1, S2, S3, S4, S5 and S6. The experimental result showed three strains (S2, S3, S6) had the better biosurfactant activity. Among the three strains, the best results were achieved when using S2 strain. The biosurfactant produced by S2 strain had a large diameter of the oil spreading, high surface tension, good emulsifying properties and low critical micelle concentration. These are the powerful evidence to prove that the found material contains a new biosurfactant. For MEOR, the biosurfactant produced by S2 strain can emulsify oil and reduce oil viscosity, the oil freezing point and the interfacial tensions between crude oil and biosurfactant solutions. Further studies are under way to scale up growth conditions and to optimize biosurfactant production. An analysis of preparation for microbial enhanced oil recovery should be undertaken.
